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We study the prospects for studying line features in gamma-ray spectra with upcoming gamma-
ray experiments, such as HESS-II, the Cherenkov Telescope Array (CTA), and the GAMMA-400
satellite. As an example we use the narrow feature at 130 GeV seen in public data from the Fermi-
LAT satellite. We found that all three experiments should be able to confidently confirm or rule
out the presence of this 130 GeV feature. If it is real, it should be confirmed with a confidence level
higher than 5σ. Assuming it to be a spectral signature of dark matter origin, GAMMA-400, thanks
to a projected energy resolution of about 1.5 % at 100 GeV, should also be able to resolve both the
γγ line and a corresponding Zγ or Hγ feature, if the corresponding branching ratio is comparable
to that into two photons. It will also allow to distinguish between a gamma-ray line and the similar
feature resulting from internal bremsstrahlung photons.
PACS numbers:
I. INTRODUCTION
As the Large Hadron Collider (LHC) keeps accumu-
lating data at high luminosity (and soon at full energy),
hopes are high that it will help elucidating the nature of
the particle making up around 23 % of the energy den-
sity of the universe, the dark matter particle [1, 2]. So
far, no such new mass scale has been found, although the
prediction from supersymmetric (SUSY) models that the
lightest Higgs boson should weigh less than 130 GeV [3],
which seems to be confirmed by the detection recently
done at CERN’s LHC, which gives a mass of the poten-
tial Higgs boson of around 125 GeV.
As for dark matter candidates, only constraints on the
parameter space of the most popular extensions of the
Standard Model, in particular Supersymmetry, have been
obtained [4], but even if such candidates were to be found,
it will be hard to prove with LHC data only that they
actually constitute most of the dark matter in the Uni-
verse, as the required lifetime of many times the age of
the universe would seem impossible to verify in accelera-
tor experiments [5].
Fortunately, direct and indirect dark matter searches
will provide complementary information, possibly allow-
ing a precise identification of dark matter particles [6, 7].
Direct detection by scattering of dark matter particles
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traversing the earth in ultra-pure counting experiments
has historically been the most advanced technique, but
indirect detection methods have recently received in-
creased interest (see e.g. Ref. [1] for reviews).
Indirect detection is based on the search for secondary
photons, antimatter, and neutrinos produced by the an-
nihilation or decay of dark matter particles. For γ-rays
coming from annihilations of dark matter particles in the
halo, Fermi-LAT has very successfully delivered bounds
that have started to probe into the parameter space of
viable models, in line with pre-launch expectations [8],
in particular for dwarf spheroidal galaxies [9] and galaxy
clusters [10].
Recently, a possible hint of a dark matter signal
in the form of a narrow spectral line or an internal
bremsstrahlung (IB) feature, has been found in analy-
ses of public data from the Fermi-LAT satellite detector
[11, 12] (see also [13, 14]). The signal is too weak to
claim a discovery, but being of a type and at an energy
where there is no other known astrophysical explanation1
it is important to further study this type of signature in
independent experiments.
We take in this paper, as an exercise, the existence of
these recent indications for a line or an IB bump seriously,
and we discuss how this effect, if real, would appear in a
number of existing (Fermi-LAT [16], HESS-II [17]) and
planned (CTA [18], GAMMA-400 [19]) γ-ray detectors.
If the present indications of a line structure in the Fermi-
LAT public data would disappear, our results should be
1 The very fine-tuned pulsar model from [15] can be disregarded
since the signal is significantly extended.
2useful for future indirect dark matter searches.
In particular, we discuss the possibility of one or more
associated lines coming from the Zγ and Hγ (with H
the Higgs boson) annihilation channels in some models,
and we investigate whether one can separate a line sig-
nal from other spectral features like IB emission. We
will show that with the upcoming detector HESS-II, and
the proposed Cherenkov Telescope Array (CTA) and the
GAMMA-400 satellite these gamma-ray structures, if
real, indeed will be confirmed with much higher confi-
dence.
The paper is organized as follows: in Sec. II we review
the spectral features arising from dark matter annihila-
tion and the tentative detection of a feature in Fermi
data. In Section III we discuss the prospects to detect
such feature with future observatories focusing on im-
provements in energy resolution and effective area. In IV
we discuss our results and present our conclusions.
II. INDIRECT DETECTION WITH
GAMMA-RAYS
A. Basics
Among the possible secondary particles, gamma-rays
play a special role in indirect dark matter searches, since
they propagate without being absorbed or deflected in
the local Universe, in contrast, e.g., to the case of anti-
matter (see [2]).
The expected dark matter generated gamma-ray flux
from a cone with solid angle ∆Ω observed at earth can
be written
dΦγ
dE
=
〈σv〉
2m2χ
∑
f
dNfγ
dE
× B
4π
∫
∆Ω
dΩ
∫
l.o.s.
dλ ρ2dm(λ), (1)
where 〈σv〉 is the total average annihilation rate, Nfγ the
number of photons produced in annihilation channel f ,
ρdm the smooth part of the dark matter density and λ
the line-of-sight distance in the direction of observation.
This expression has to be convolved with the energy and
angular resolution of the detector.
The dark matter density along the line of sight, ρdm(λ),
is at present unconstrained in the inner Galaxy, and it
is therefore derived from N-body simulations, and most
commonly approximated with analytic fits like the NFW
[20] or the Einasto profile [21], for which the integral
along the line of sight turns out to produce similar values.
In the rest of the paper we make use of the Einasto profile,
ρdm(r) ∝ exp
(
− 2
αE
rαE
rαEs
)
, (2)
with αE = 0.17 and rs = 20 kpc, normalized to
ρdm(r0) = 0.4 GeV cm
−3 at position of the Sun, r0 =
8.5 kpc.
A boost factor B is often included in the calculation,
to parametrize our ignorance on the enhancements of the
annihilation signal that may be caused by processes like:
the presence of dark matter substructures; the so-called
Sommerfeld enhancement factor [22] (although the pos-
sibility of a very large B factor is constrained by Cosmic
Microwave Background observations [23]) or strong devi-
ations of the dark matter distribution from the Einasto
or NFW profiles.
As it has been clear for quite some time, it is not pos-
sible to reliably predict the size of the boost factor B,
as it (besides the particle physics uncertainties relating
to the Sommerfeld enhancement) depends critically on
the density profile and spatial distribution of subhalos,
a problem largely beyond the capability of present-day
simulations. What we know is that numerical simula-
tions suggest that there should be fewer substructures
in the inner galaxy than in the outer parts, due to the
process of merger and tidal stripping in the Milky Way
halo (see e.g. [24, 25] and references therein), and that
baryons dominate the gravitational potential at the cen-
tre of the Galaxy, where galactic baryons such as the bar
and the central supermassive black hole strongly modify
the distribution of dark matter [26].
The dependence of the annihilation rate on the square
of the dark matter density may cause ”hot spots” near
density concentrations such as dwarf galaxies, although
recently it has appeared that galaxy clusters may be even
more interesting targets for detection claims [27]. How-
ever, the strongest signal should exist near the Galactic
centre, as predicted by all halo modeling, including N-
body simulations, and we will concentrate on that target
throughout this work.
B. Identity of a γ-ray line signal
Especially important for the clear demonstration of a
dark matter signal is the possibility of “smoking gun” sig-
natures like gamma-ray lines [28, 29] or similar structures
caused by internal bremsstrahlung (IB) [30]. Presently
no known astrophysical background processes that can
give such conspicuous signals have been observed.
Depending on the structure of the theory of the dark
matter particle χ, one can imagine at present at least
three different origins of a sizeable narrow line. The most
obvious (and in many cases the strongest) will come from
the χχ → γγ process, which will give a line at energy
Eγ = mχ, with a very narrow intrinsic width that will be
dominated by Doppler motion of the annihilating pair,
ǫγ ≡ δEγ/Eγ ≃ 10−3 for typical Galactic velocities. For
annihilation into another neutral particle plus a photon,
like the electroweak gauge boson Z0 or the Higgs boson
H , the line width will be dominated by the intrinsic width
of the decay particle, which for the Z0 case will give
ǫγ ≃ 10−2, and smaller for a standard model Higgs boson,
if it coincides with the detection claimed at LHC. The
relation between the photon energy and the mass of the
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FIG. 1: Illustration of Eq. (4), which relates the mass mχ of
the annihilating particles with the energy of the γ-ray line,for
the case χχ → Pγ, with P = γ,H,Z0. Here mZ is 90.2 GeV,
and as an illustration the Higgs mass has been set to 125 GeV,
indicated by present LHC data [3].
particle P in the final state is
Eγ = mχ
(
1− m
2
P
4m2χ
)
(3)
or, solving instead for mχ
mχ =
1
2
(
Eγ +
√
m2P + E
2
γ
)
. (4)
This relation is shown in Fig. 1. Assuming that the ob-
served gamma-ray line at 130 GeV is due to the χχ→ γγ
process one finds, following the horizontal line, predic-
tions for the location of Hγ and Z0γ lines at 100 GeV
and 114 GeV, respectively. Alternatively, following the
vertical line, one sees that if the observed 130 GeV line
is a result of the χχ → Hγ or Z0γ process, the χ mass
is 155 or 142 GeV, respectively.
γγ Hγ Zγ
γγ 130 100 114
Hγ 155 130 142
Zγ 144 117 130
TABLE I: Predicted γ-ray energies, in GeV, if the 130 GeV
line originates from the process indicated by the row, for the
process given by the respective column.
The predicted energies of all three possible lines, the
ones coming from γγ, Hγ and Z0γ (with mH set to 125
GeV), for all permutations are shown in Table I. It will
depend on the model if all three lines are allowed. In
particular, as a radiative 0 → 0 transition is forbidden
due to gauge invariance and angular momentum conser-
vation, the annihilation to Hγ is not allowed from the
dominant s wave in the Galaxy if χ is a Majorana fermion
or a spin-0 particle [31]. For definiteness, we will in the
following assume that the tentative 130 GeV structure
is due to the γγ line, but we will also compare with the
expectations for the IB effect, to which we now turn.
C. The internal bremsstrahlung effect
The γγ process normally appears in a closed loop con-
taining the various charged particles to which the dark
matter particles couple. This means that it is gener-
ally suppressed by powers of the electromagnetic cou-
pling constant, and the cross section will contain an ex-
plicit factor α2em. An interesting effect appears, how-
ever, for Majorana fermions already at order αem. It
was early realized that there could be important spectral
features [32], and recently it has been shown that inter-
nal bremsstrahlung (IB) from charged particles in the
t-channel in the annihilations could yield a detectable,
quite sharp ”bump” near the highest energy, i.e., at the
rest mass of one of the annihilating particles moving
slowly (v/c ∼ 10−3) in the Galactic halo [11, 30, 33].
In [34], it was furthermore pointed out that final state
radiation (FSR) often can be estimated by simple, uni-
versal formulas and often gives rise to a very prominent
step in the spectrum at photon energies of Eγ = mχ. The
IB and FSR processes was thoroughly treated in [33] (see
also [11, 30]), and here we summarize the main results.
In Ref. [32] it was shown that the radiative process
χ0χ0 → f f¯γ may circumvent the chiral suppression, i.e.,
the annihilation rate being proportional to m2f . This
is normally what one would get for annihilation into a
fermion pair from an s-wave initial state [35], as is the
case in lowest order for non-relativistic dark matter Ma-
jorana particles in the Galactic halo. A fermion final
state with an additional photon, f f¯γ, is thus surpris-
ingly not subject to a helicity suppression. The full an-
alytical expressions are lengthy, but simplify in the limit
of mf → 0. Then one finds in the supersymmetric case
[33] for the radiative differential rate, normalized to the
f f¯ rate
dNγ,IBf
dx
=
∆×
[
4x
µ(µ− 2x) −
2x
(µ− x)2 −
µ(µ− 2x)
(µ− x)3 log
µ
µ− 2x
]
,
(5)
with
∆ = (1− x)αemQ2f
|g˜R|4 + |g˜L|4
64π2
[
m2χ〈σv〉χχ→ff¯
]−1
,
4where Qf is the electric charge of the fermion, µ ≡
m2
f˜L,R
/m2χ+1 and g˜RPL (g˜LPR) is the coupling between
the dark matter particle, the fermion and right-handed
(left-handed) t-channel exchange particle f˜ (which would
be a sfermion in the supersymmetric case). This agrees
with the result found in [32] for the case of pure
photino annihilation (see [36] for a right-handed neu-
trino dark matter candidate where this interesting inter-
nal bremsstrahlung effect also appears). Note the large
enhancement factorm2χ/m
2
f due to the lifted helicity sup-
pression (from 〈σv〉χχ→ff¯ ∝ m2fm−4χ ), and another large
enhancement that appears at high photon energies for
sfermions degenerate with the neutralino.
For the supersymmetric case, internal bremsstrahlung
from the various possible final states of neutralino anni-
hilations is included in DarkSUSY [37]. The total γ-ray
spectrum is given by
dNγ,tot
dx
=
∑
f
Bf
(
dNγ,secf
dx
+
dNγ,IBf
dx
+
dNγ,linef
dx
)
,
(6)
where Bf denotes the branching ratio into the annihi-
lation channel f . The last term in the above equation
gives the contribution from the direct annihilation into
photons, γγ or Zγ, which as mentioned before result in a
sharp line feature [28, 29]. The first term is the contribu-
tion from secondary photons from the fragmentation of
the fermion pair. This “standard” part of the total γ-ray
yield from dark matter annihilations shows a feature-less
spectrum with a rather soft cutoff at Eγ = mχ.
In Fig. 2 an example of the energy distribution of pho-
tons given by the first two terms in (6) is shown. To this
may be added one or more line signals, the strength of
which is very model dependent, however.
D. Brief review of present indications of γ-ray line
signal
Past searches for gamma-ray lines in the Fermi-LAT
or EGRET data found no indications for line signatures
below 200 GeV, and presented upper limits on the anni-
hilation cross-section (or decay rate, in some models) of
dark matter particles into monochromatic photons [38–
42].
However, recent analyses of public Fermi-LAT data
[16] have identified a feature at 130 GeV in a line-search
from the halo in the vicinity of the galactic centre, that
has tentatively been interpreted in terms of dark matter
[11, 12]. Beside taking into account the full set of avail-
able data, the major improvement with respect to pre-
vious studies was an adaptive selection of search regions
with optimized signal-to-noise level for different profiles
of the Galactic dark matter halo.
The revealed signature is too sharp to allow a straight-
forward astrophysical explanation, and strongly sugges-
tive towards an interpretation in terms of a gamma-ray
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FIG. 2: The distribution of γ-rays from the internal
bremsstrahlung process χχ → ff¯γ (see [11]), for two different
values of the relative mass difference between the t-exchange
particle and the dark matter Majorana fermion χ. (Here a
continuous spectrum of the bb¯ type is also included.) As can
be seen, the internal bremsstrahlung process gives a very hard
spectrum which peaks near the kinematical end point, and
thus is a “smoking gun” signature for dark matter annihila-
tion, similar to the γ-ray line signal.
line at 130 GeV [12], or alternatively as the virtual in-
ternal bremsstrahlung from dark matter particles with
a mass of around 150 GeV [11]. The signature appears
close to the Galactic centre only.
This discovery has already gained considerable atten-
tion (see, e.g., [43]). Ref. [44] suggested the Fermi Lobes
(bubbles/haze) [45] as cause for the observed signature;
but this possibility was however quickly disputed by
Ref. [13] and Ref. [14], who emphasized the locality of
the signature close to the Galactic centre and relaxed
the power-law approximation to the background fluxes.
In particular, in the analysis in [14] a signal of more
than 5σ was found, but caveats of the interpretation are
also given: there is a modest evidence of an 1.5 ◦ offset
of the signal region with respect to the Galactic centre
(this may however be explained by the interplay between
baryons and dark matter [46]), and there are weak indi-
cations of a possible instrumental effect giving spurious
lines of which one also happens to be at 130 GeV. In ei-
ther case, whether these new results are a consequence of
a genuine dark matter signal, or point to an unexpected
instrumental effect of the Fermi-LAT detector, it is im-
perative that this signal region is probed by independent
detectors.
If interpreted in terms of dark matter annihilation,
the signature is consistent with an Einasto or NFW pro-
file [12, 14]. In this case, the annihilation cross-section for
χχ→ γγ is best given by 〈σv〉 ≃ 1.3 · 10−27cm3s−1, with
a dark matter mass of mχ ≃ 129.8± 2.4+7−13 GeV [12], or
127.0± 2.0 GeV [14].
5III. PROSPECTS FOR IDENTIFYING
SPECTRAL FEATURES WITH FUTURE
OBSERVATORIES
A. Statistical treatment
In this work, we study the prospects for detecting and
identifying sharp gamma-ray signatures (possibly aris-
ing from dark matter annihilation) with GAMMA-400,
HESS-II and CTA, by adopting the standard methods
that were used in previous line searches [12, 39–42] and
apply them to different sets of appropriately generated
mock data.2 For each instrument under consideration,
the basic strategy is: (1) Determine a region of the sky
with large expected signal-to-noise ratio; this is typically
the Galactic centre, maybe plus regions above/below the
Galactic disc. (2) Perform a spectral analysis of the
(here simulated) gamma-ray fluxes in this region using
the maximum likelihood technique [47].
Throughout, best-fit model parameters are inferred
by maximizing the likelihood function L = ΠiP (ci|µi),
where P (c|µ) is the Poisson probability to observe c
events when µ are expected, ci denotes the number of
events that fall into energy bin i, and µi is the number of
expected events in bin i and a function of the model pa-
rameters and the instrument response function. All fits
are only performed within small energy windows centred
around the line position(s). The small energy windows
allow to approximate astrophysical background fluxes lo-
cally by a single power-law (we leave normalization and
spectral slope free in the fits), and it eliminates the need
to include secondary signal photons into the fits (because
they would peak far outside the window). The energy
window ranges per definition from Eγ/
√
ǫ to Eγ
√
ǫ; Eγ
is the line energy, the energy window size ǫ is typically
a factor of a few larger than the energy resolution of the
respective instrument and will be defined below. Note
that in all fits we keep the position of the line-like fea-
tures fixed. Our treatment of the instrument response
functions that we need in order to obtain µi are described
below; fits are performed using the ISIS package [48].
Projected upper limits at the 95%CL are derived using
the profile likelihood method [49]: We generate a large
number of mock data sets without a signal. We then
fit the mock data with a power-law with free slope and
normalization plus a line signal with free non-negative
normalisation and increase the line flux from its best-fit
value until −2 lnL changed by 2.71 (while profiling over
the background parameters). For different line energies,
we quote the log-scale mean of the limits obtained this
way as the expected limit.
The local significance for a line signature can be
derived using the maximum-likelihood-ratio test; it
2 A complementary approach that could be adopted in the analysis
of GAMMA-400 data would be a spatial analysis as in Ref. [14].
is given by the square-root of the TS-value TS ≡
−2 ln(Lnull/Lalt), where Lnull and Lalt are the likelihoods
of background-only (a single power-law) and background-
plus-line fits, respectively. For the different experiments,
we determine the 5σ detection threshold for monochro-
matic photons by adjusting the signal flux such that the
TS-value averaged over a large number of mock data sets
is 23.7 [50].
In case a narrow line is identified, it is imperative
to devise a strategy to discriminate between IB and
monochromatic photons, and to test for the presence of
additional closeby lines. We are interested in the flux
at which such a discrimination becomes possible at the
95%CL. To this end, we simulate data with IB features
or with two lines (corresponding to γγ and γP final
states, with P = H,Z), and perform a maximal like-
lihood ratio test to compare the likelihood of IB/two-
line fits with the one-line scenario. We search for the
flux for which the average of the log-likelihood ratio is
〈−2 ln(Lone−line/Ltwo−lines/VIB)〉 = 4. In case of the two-
line model, we leave the relative normalization of the
two lines, as well as their position, fixed. The IB signal
from dark matter with mass mdm is compared with a
monochromatic line at Eγ ≈ 0.90 mdm, since the IB fea-
ture peaks slightly below the kinematical threshold; in
these fits the dark matter mass is left as a free parame-
ter. Since the models are not nested, the interpretation of
the log-likelihood ratio is in principle not straightforward.
However, the obtained significance levels are conservative
with respect to what is obtained in a comprehensive like-
lihood test [51]; for a study of the comprehensive likeli-
hood method in the context of dark matter searches see
[52].
B. Effects of energy resolution – The case of
GAMMA-400
The search of a weak gamma-ray line-like signal on top
of a continuous background spectrum may be hindered by
statistical fluctuations of the background. This is partic-
ularly true if the signal is additionally spread over a large
energy range due to the limited energy resolution of the
instrument. For pair conversion gamma-ray space tele-
scopes, one of the main instrumental characteristics influ-
encing the resolution at high energies is the calorimeter
dimensions, measured in radiation lengths (X0). This is
because the energy reconstruction at high energies is cru-
cially depending on how well the electromagnetic shower
can be mapped. Fermi-LAT with its 8 radiation lengths
reaches an energy resolution of around∼ 10 % at energies
of about 100 GeV.
The design of the GAMMA-400 experiment, a future
Russian-Italian pair conversion telescope whose prelimi-
nary launch date is announced to 2018 [19], should be
similar to that of the Fermi-LAT. It will consist of a
tracker unit, a calorimeter and anti-coincidence systems.
Design details, such as number of tracker layers, presence
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FIG. 3: Estimated flux and velocity weighted cross-section sensitivities obtained for GAMMA-400 as a function of the DM
particle mass. Black solid: Expected upper limits for γγ final states (with Nγ = 2); red dashed: detection of γγ at 5σ; green
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of converter material in the tracker and design of anti-
coincidence systems (which will be very demanding due
to a very excentric orbit) are not fixed yet, but it is very
probable that GAMMA-400 will be equipped with a 22
X0 calorimeter with claimed energy resolution of about
1.5 % at 100 GeV.
The effective area of GAMMA-400 is however foreseen
to be smaller (around 6400 cm2) above a few tens of GeV
and constant. These two design features immediately
allow a rough estimate of the expected improvement:
for upper limits
√
2/10 ∼ 0.4, for signal significance
10/2 ∼ 5. Interestingly, a larger calorimeter also will
help with background rejection (which is largely based
on shower shape) and extend the usable energy range to
larger energies. As mentioned, the design phase is not
concluded and the design still allows considerable free-
dom. Here, we assume the energy resolution of GAMMA-
400 to scale as the one of the Fermi-LAT (such that it
ranges from 3% at 10 GeV to 1% at 1 TeV).
With the hypothesis that the final design of GAMMA-
400 is similar to the one described above, we derived the
sensitivity of GAMMA-400 for spectral signatures from
dark matter annihilation after 5 years of full sky survey
mode operation. As target region, we select a circular re-
gion around the Galactic centre with 20◦ radius excluding
the Galactic disc part (|ℓ| > 5◦ & |b| < 5◦). To model
the background that will be observed by GAMMA-400,
we make use of the current observations of the gamma-
ray emission observed by the Fermi-LAT as reported
in [12]; the events observed above few GeV in our re-
gion of interest can be described by a power-law function
dN/dEbckg = 6 · 10−11 ×
(
E
1GeV
)−2.5
phGeV−1cm−2s−1.
The exposure time of the source region is 3.2× 107s, as-
suming a field-of-view of 2.4 sr. In our spectral fits, we
will adopt the energy windows from Ref. [12], ranging
from ǫ = 1.5 at 10 GeV to ǫ = 3.1 at 1 TeV. We checked
that our results do not critically depend on this choice.
In Fig. 3, our results for the projected 95%CL upper
limits from GAMMA-400 are shown by the black solid
line. Even if the effective area is smaller than the one
of Fermi-LAT, the better energy resolution of the instru-
ment allows to better distinguish a deviation due to a
line signal from the power law background fluctuations.
This would improve by a factor about two to three the
upper limits that are obtained by Fermi-LAT in the same
observational time.
We also computed the strength of a line-like signal
in order to obtained a 5σ level detection for GAMMA-
400 after 5 years of survey mode. In this case, the γγ
annihilation cross-sections range between 10−29 and 5 ·
10−27cm3s−1, depending on the mass of the DM par-
ticle (see red dotted line on Fig. 3). The confirmation
of the tentative 130 GeV line at 5σ would require ∼ 20
months in survey mode, and ∼ 10 months using pointed
observation.
For such good energy resolution performances, the in-
strument should also be able to probe efficiently the ex-
istence of a secondary line. As an illustrative example,
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we consider here the case that dark matter annihilates
into γγ and γZ final states with the same rate. For such
scenarios, GAMMA-400 will be able to distinguish a two-
line model from a single line one at 95% CL in the region
indicated by the blue dotted line in Fig. 3. At energies
above few hundred GeV, both lines start to overlap, and
a distinction becomes impossible.
Assuming that the 130 GeV feature from Ref. [12] is
produced by annihilation into γγ final states, we cal-
culated the significance at which GAMMA-400 will be
able to identify secondary lines from either γZ or γH
(see Tab. I) for different branching ratios. In Fig. 4,
we show the expected significance as function of the
branching ratio into the secondary line. As one can
see from this plot, GAMMA-400 would be an impor-
tant probe for additional lines, down to BR(χχ→ γP ) /
BR(χχ→ γγ)∼ 0.2.
Finally, we investigate for which signal fluxes a signal
arising from the annihilation into γγ can be distinguished
from IB photons. We fix here the mass splitting (see
above) to µ = 2.1 for definiteness. In Fig. 3, we show by
the green dash-dotted line the annihilation cross-sections
for which GAMMA-400 would be able to distinguish at
a 95%CL between monochromatic photons and IB pho-
tons. In particular, a study of the nature of the 130 GeV
excess seems realistic.
C. Effects of increased area – The case of CTA and
HESS-II
Space-based experiments are generally strongly size
limited. The Fermi-LAT is currently the largest pair-
conversion telescope ever launched, and its effective area
is below 1 m2. This particularly reduces the possibility of
gamma-ray astronomy in the TeV domain, since the num-
ber of observed events would be less than one per year
even for the strongest steady source. TeV astronomy
is therefore performed with ground-based experiments,
where the secondary particles produced by gamma-rays
in the atmosphere are imaged and thereby energy and
direction of the incident gamma-ray are reconstructed.
The effective area is therefore determined by the typical
area covered on the ground, resulting in improvements
(w.r.t to pair conversion telescopes) by about 4 orders of
magnitude at 1 TeV.
Imaging the showers is performed either by Cherenkov
detectors on ground (water Cherenkov detectors such as
MILAGRO) or by Imaging Air Cherenkov Telescopes.
Both techniques reach large effective areas on expense
of increased energy threshold, which for the former is
around a TeV or the later between 50 and 100 GeV. For
the signal in question here therefore IACTs are more rele-
vant. Currently, they typically consist of 2 to 5 large size
telescopes (mirror diameter ∼ 10-20 m), equipped with
fast electronic camera recording the very brief and dim
bunch of Cherenkov photons produced during the sec-
ondary particles shower development in the atmosphere.
Several experiments are currently in operation: VERI-
TAS in the United States and MAGIC at La Palma cover
the northern hemisphere, whereas H.E.S.S., located in
Namibia, is the best suitable experiment to observe the
Galactic centre with a low energy threshold. The per-
formance of the 4 telescopes configuration, operational
since 2004, is too poor at energies relevant for the po-
tential signal. However, the addition of a much larger
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FIG. 5: Same as Fig. 3, but for 50 h of Galactic center observation with HESS-II. The gray dotted line shows cross-sections at
which the signal-to-background ratio at the line peak would drop below 1%.
fifth (600 m2) telescope, being currently installed (de-
noted HESS-II) will allow to record showers initiated
by incident particles of lower energy. This is therefore
the configuration we focus on. Preliminary estimates of
the effective area and energy resolution of HESS-II for
an hybrid mode3 operation have been reported in [17].
This operating mode will allow to observe events above
50 GeV with an energy resolution of about 20%.
For IACT experiments, several sources of background
have to be taken into account. First of all, charged cos-
mic rays, hitting the Earth with a much greater rate
than the most powerful gamma-ray sources, can pro-
duce Cherenkov showers mimicking the signal induced
by VHE gamma-rays. This is especially true for elec-
tron induced showers which displayed very similar prop-
erties. Hadronic showers, mainly due to protons, often
carry secondary particles with larger transverse momen-
tum with respect to the shower direction, which trans-
late into more scattered images reconstructed in the focal
plane of the antennas. Hence only a fraction (O(10−2))
of these events remain.
For the signal region, in case of HESS-II, we adopt a
circular target region of 1◦ radius around the Galactic
centre. As energy window, we adopt two times the win-
dow size in Ref. [53]. For observations toward the Galac-
3 The hybrid-mode consists of the observation of the same events
by the largest telescope and at least one of the 13 m diameter
ones.
tic centre, two additional gamma-ray signals have to be
taken into account: the detected point-like HESS source
HESS J1745-290 [54] and the diffuse emission around the
Galactic centre also measured by HESS [55]. For these
four components, we used a similar description as the one
described in Appendix A of [53].
As for GAMMA-400, we investigated the capabilities
of HESS-II to detect a gamma-ray line-like DM signal.
We assumed an observation of 50 h towards the Galac-
tic centre, for intermediate zenith angle (20◦). The 95%
C.L. achieved with HESS-II operating in hybrid-mode,
should be as low as few 10−28cm3s−1 for DM masses be-
tween 80 to 1000 GeV, see figure 5. Since the energy
resolution of HESS-II is almost a factor 10 worse than
what should be achieved with GAMMA-400, we clearly
see the benefits of a large number of events. However,
such energy resolution drastically reduce the possibility
to distinguish a two-lines scenario. Nevertheless, like
GAMMA-400, HESS-II will be able to confirm the ex-
cess reported in [12].
In the near future, Cherenkov Telescope Array (CTA)
will be the next generation of imaging atmospheric
Cherenkov telescopes. It aims at increasing the sensi-
tivity of the current experiments up to a factor ∼ 10 in
the TeV domain, and also to lower the energy threshold
to few tens of GeV. The current design of the full obser-
vatory holds ≥ 60 telescopes, for which nearly 2/3 will
be installed in the southern hemisphere for a better view
of the Galactic centre, see [18] for a detailed description
of the design and estimates of the performances of the
instrument. We use the energy dependence of the energy
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FIG. 6: Same as Fig. 3, but for 5 h of Galactic center observations with CTA.
resolution of [18], and we also assume the energy depen-
dence of the effective area from [56]. As signal region, we
adopt a circular target region of 2◦ around the Galactic
center.
The signal region definition and background descrip-
tion we adopted for CTA are similar to the ones dis-
cussed above for HESS-II. With the presence of several
large size telescope in the centre of the array, CTA will
be more sensitive than HESS-II. In order to remain in
the statistically limited regime, we reduced the observ-
ing time for CTA down to 5 hours. At very low energies,
since we impose that the showers are observed at least by
two telescopes, CTA in its current design will not have
a much larger effective area. Moreover the intrinsic fluc-
tuations in the low energy showers limit the energy reso-
lution that will be achieved even with several telescopes,
so that in this energy range, we do not expect stronger
limits from CTA. Above 80 GeV however, the higher tele-
scopes multiplicity will increase the performance (larger
effective area and better energy resolution) so that CTA
sensitivity will be almost constant up to 1 TeV. From
figure 6, we also see that CTA will be very important
to probe line-like signals from DM annihilations above
100 GeV, since after 5 h of observations of the Galac-
tic centre, CTA will be more sensitive than five years of
GAMMA-400 observations.
IV. DISCUSSION AND CONCLUSIONS
The detection of a sharp feature at an energy of 130
GeV in Fermi-LAT data has sparked the interest of the
astroparticle community, since the presence of gamma-
ray lines has long been considered a smoking-gun signa-
ture of new physics, possibly pointing to the annihilation
of dark matter particles. Of course, future Fermi-LAT
data will be very important: If the Fermi-LAT collabo-
ration can exclude instrumental effects as the cause of the
structure, it may well, in case upcoming data strength-
ens the feature, confidently establish discovery of the ef-
fect. In any case, future gamma-ray observatories would
provide necessary independent confirmation and are ex-
pected to clarify the experimental situation, in view of
their increased effective area or better angular resolu-
tion. In particular we focused here on three upcoming
experiments: HESS-II, CTA and GAMMA-400.
We summarize here the main results:
• We have calculated the sensitivity to gamma-ray
lines for the three experiments, and we have shown
that all of them will be able to confirm or rule out
the presence of the 130 GeV line. In all cases, in
fact, the feature found in Fermi-LAT data would
be detectable with a significance higher than 5σ.
• We have assessed, for each experiment, the
prospects for identifying the presence of additional
lines, which would allow a better reconstruction
of the particle properties of the annihilating dark
matter particle. We found that only GAMMA-
400, thanks to a claimed energy resolution of about
1.5 % at 100 GeV, will be able to separate a γγ line
from a Zγ or Hγ, if the corresponding branching
ratio is comparable to that into two photons, while
HESS-II and CTA cannot separate them.
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• We investigate for which signal fluxes a signal aris-
ing from the annihilation into γγ can be distin-
guished from IB photons, and found that GAMMA-
400 would be able to distinguish at a 95%CL be-
tween a gamma-ray line and IB photons if the 130
GeV feature is real, and we have identified the
broader region of the parameter space where a dis-
crimination is possible.
HESS-II will soon be operational and given the good
performances foreseen for the instrument in hybrid-mode,
we stress that it should offer a quick confirmation of the
genuineness of the signal reported in [12] (our estimates
are based on an exposure time of 50 hours, assuming
intermediate zenith angles), since this could provide on
a short timescale an independent observation with com-
pletely different background and systematic errors. As
for CTA, the actual construction of the array should start
in 2015, and the first data should realistically be available
by 2018.
In the case of GAMMA-400, the claimed improvement
in energy and angular resolution over Fermi-LAT make
it an invaluable tool for dark matter searches. We have
demonstrated that it has an enormous potential in the
detection and discrimination of lines, despite the smaller
effective area compares to the NASA satellite, and we
therefore strongly encourage this experimental effort.
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